The thermally driven, reversible change in the surface properties of poly (N-isopropylacrylamide) (PNIPAAm) hydrogels from a hydrophilic (water-swollen) state to a hydrophobic (deswollen) state when heated above the volume phase transition temperature (VPTT, ~35°C) makes them useful in inducing controlled cell release. To improve the kinetics of swelling and deswelling, we have prepared microstructured (i.e., micropillared) thermoresponsive surfaces comprising pure PNIPAAm hydrogel and nanocomposite PNIPAAm hydrogel embedded with polysiloxane colloidal nanoparticles (~220 nm diameter, 1 wt%) via photopolymerization. The thermosensitivity (i.e., degree and rate of swelling/deswelling) of these surfaces and how it can be regulated using different micropillar sizes and densities were characterized by measuring the dynamic size changes in micropillar dimensions in response to thermal activation. Our results show that the dynamic thermal response rate can be increased by more than twofold when the micropillar size is reduced from 200 to 100 µ m. The temperature-controlled cell release behaviors of pure PNIPAAm and nanocomposite PNIPAAm micropatterned surfaces were successfully characterized using mesenchymal progenitor cells (10T½). This study demonstrates that the thermosensitivity of PNIPAAm surfaces can be regulated by introducing micropillars of different sizes and densities, while maintaining good temperature-controlled cell release behavior.
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Introduction
Materials that can respond to external stimulus are of great interest as smart materials for various biomedical applications. (1, 2) Thermoresponsive hydrogels reversibly switch from a water-swollen to a deswollen state in response to temperature changes. The most widely studied are poly(N-isopropylacrylamide) (PNIPAAm) hydrogels, which have a volume phase transition temperature (VPTT) of ~ 35°C. (3) Thus, they are hydrated (swollen) below VPTT and become dehydrated (deswollen) when heated above VPTT. In addition, the surfaces of PNIPAAm hydrogels undergo a discontinuous change from a hydrophilic state to a hydrophobic state when heated above VPTT. (4) Reversible, temperature-induced changes in the volume and surface properties of PNIPAAm hydrogels have prompted their use in various biomedical applications such as in drug delivery. (5) In addition, PNIPAAm hydrogels have been used for bioseparation (6) as they can be separated from water at temperatures above VPTT and for protein refolding applications (7) owing to their high effectiveness in enhancing protein renaturation.
Thermoresponsive polymers such as PNIPAAm have been studied for their temperature-dependent foul-releasing or self-cleaning behavior. (8) (9) (10) (11) (12) In aqueous solution, linear PNIPAAm becomes insoluble upon heating above its lower critical solution temperature (LCST) of ~35°C, which can then be reversed upon cooling. (13) Crosslinked PNIPAAm hydrogels reversibly change from a water-swollen state to a shrunken (deswollen) state by exuding water when heated above their VPTT of ~35°C. (14) (15) (16) (17) As a result, both covalently grafted PNIPAAm chains and PNIPAAm hydrogels display a pronounced increase in surface hydrophobicity when heated above their LCST or VPTT, respectively. (9) Thus, the thermal modulation of both PNIPAAm-grafted surfaces and PNIPAAm hydrogels has been used to induce the release of cells. (9) (10) (11) (12) (18) (19) (20) For instance, the "cell releasing" property of PNIPAAm hydrogels has been exploited for their use as substrates for cell culture (21) and tissue engineering, in which the cells adhere to the surface during a particular stage of the experiment but can be released as a cell sheet at a later time point by thermal activation. (22) The extent of cell release can be controlled by regulating the degree and rate of PNIPAAm hydrogel swelling/deswelling (i.e., their thermosensitivity). Compositional and physical alterations to PNIPAAm hydrogels, including the formation of interpenetrating polymer networks, have been explored to improve thermal response kinetics. (23, 24) An alternative approach to improve the thermosensitivity of PNIPAAm hydrogels is to reduce their millimeter dimensions to micron scale. The reduction in gel size takes advantage of the fact that the kinetics of swelling and deswelling are proportional to the square of the smallest dimension. (25, 26) PNIPAAm hydrogels have been fabricated as micron-scale pillars and other such structures that exhibit faster response times. (26, 27) The thermosensitivity of planar, millimeter thick PNIPAAm hydrogels (3, 4, 35) and microporous hydrogels (28, 29) as well as PNIPAAm-based colloidal particles (30, 31) has been studied. However, the degree to which microscale surface topography, such as the size and density of a micropillar surface array, affects PNIPAAm thermosensitivity has not been well studied. Furthermore, there are limited reports on the release of cells from microscale PNIPAAm hydrogel structures (32) (33) (34) (35) (36) and no studies, to the best of our knowledge, relating the effect of pillar dimensions and patterns to cell release behavior.
In this study, we examined the thermosensitivity of micoscale PNIPAAm pillars, both with polysiloxane colloidal nanoparticles incorporated within hydrogel structures and without the nanoparticles. Previously, we have shown that the incorporation of colloidal polysiloxane nanoparticles could alter the swelling behavior and surface properties of planar PNIPAAm hydrogels while maintaining the VPTT of pure PNIPAAm hydrogels, and at the same time be mechanically stronger. (2) Pure and nanocomposite PNIPAAm hydrogel micropatterned surfaces were fabricated having micropillar arrays 100-200 µm in diameter and 100 µm in height with various separations using a simple photopolymerization method. The effects of micropillar size and separation on the static and dynamic thermal responses of such surfaces were determined here via changes in pillar dimensions using optical microscopy. Finally, the release of mesenchymal progenitor cells (10T½) cultured on swollen microstructured PNIPAAm and nanocomposite surfaces at 30°C (below VPTT) was evaluated. Thus, the micropatterning of PNIPAAm hydrogels may improve their performance in applications such as cell release, cell coculture, and microfl uidic applications. (37) (38) (39) 
Materials and Methods

Materials
Preparation of hydrogel aqueous precursor solutions
Crosslinked polysiloxane colloidal nanoparticles were prepared by the cationic emulsion polymerization of D 4 and D 4
Vi as previously described. (2) The nanoparticles were purifi ed via dialysis (Slide-A-Lyzer ® Dialysis Cassette, MWCO = 10,000, Pierce Chemical Co., Rockford, IL.) against daily changes of deionized (DI) water for 3 days. The emulsion solid content was 8.5%. Dynamic light scattering (DLS) showed an average diameter of 219 nm and polydispersity (PD) of 0.10 with particle sizes ranging from 106 to 531 nm.
Aqueous precursor solutions (12.5 wt%) containing NIPAAm monomer, BIS crosslinker, Irgacure-2959 photoinitiator, and optionally, for the nanocomposite hydrogel, 1.0% polysiloxane nanoparticles (wt% solids of nanoparticles with respect to total precursor solution weight) were prepared as follows. In a 50 mL round bottom fl ask equipped with a Tefl on TM -coated stir bar, NIPAAm (1.0 g, 8.84 mmol), BIS (0.02 g, 0.13 mmol), and Irgacure-2959 (0.08 g, 0.36 mmol) were dissolved in DI water (the total volume is 7 mL including the volume of water introduced later by the nanoparticle emulsion), and the solution was stirred under N 2 for 15 min. Finally, an appropriate amount of emulsion containing polysiloxane nanoparticles was added, and the mixture was stirred for 10 min under N 2 .
Photopolymerization of precursor solutions to form micropillar arrays
Glass slides onto which hydrogel micropillars are formed were cleaned by soaking in piranha solution (H 2 O 2 :H 2 SO 4 = 1:3 v/v) for 30 min, followed by thoroughly washing with DI water and blow drying with N 2 . Glass slides serving as covers were cleaned with acetone and isopropanol followed by thoroughly washing with DI water. Aqueous precursor solutions for pure PNIPAAm hydrogel and nanocomposite hydrogel (containing 1 wt% polysiloxane nanoparticles) were each used to fi ll the gap between the two cleaned glass slides (top: "Piranha" cleaned glass, bottom: solvent cleaned glass) that were separated by a 100-µm-thick spacer that defi ned the height of the micropillars. A photolithography mask with circular patterns with diameters of 100 and 200 µ m was placed on top of the piranha-cleaned glass side of the sandwiched structure. Since PNIPAAm hydrogels formed below 20°C are morphologically homogeneous and mechanically stronger, (40) (41) (42) this structure was immersed in an ice water bath (~7°C) for 2 min, and then exposed to UV light (Omnicure Series 1000, 15 mW/cm 2 , 365 nm, Plano, TX) for 40 s to induce polymerization. Figure 1 shows the overall fabrication setup. After photopolymerization, the mask and cover glass slide were removed, and impurities were removed by carefully washing with DI water. The sample was then placed under a fume hood for 3 days to dry before testing. Micropillars with diameters of 200 µm (with 100 and 300 µ m spacings) and 100 µm (with 50 and 150 µm spacings) were fabricated with both pure PNIPAAm and nanocomposite hydrogels. Analogous hydrogel sheets were also prepared (100 µm thick) using the same method but without the mask. 
Temperature-modulated dynamic swelling-deswelling characterization
The dynamic thermal response of hydrogel micropillars was examined by measuring the time-dependent diameter change during thermal cycling. Specimen temperature was controlled by taping a glass slide with hydrogel micropatterns onto the top of a thermal heater with a thermal ribbon sensor (Minco Inc., Midway, TN) and controlled by a thermostat (CT16A2, Minco Inc.). DI water was dispensed on top of the samples using a pipette to cover the micropillar arrays with water. After 15 min or when the size of the micropillars became constant, temperature was continuously cycled between ~26°C (below VPTT) and 45°C (above VPTT) at a heating rate of 1.02°C/s (measured rate from 30 to 40°C) and a cooling rate of 0.03°C/s (measured rate from 40 to 30°C) to observe the deswelling and swelling behaviors of hydrogel micropillars. Both time and temperature were recorded, and images were continuously acquired using a microscope (ECLIPSE LV100D, Nikon Inc. Melville, NY) equipped with a CCD camera. The top diameters of the hydrogel micropillars were measured from these microscope images. Using this method, the dynamic thermal response of groups of micropillars with average diameters of 200 and 100 μ m for both PNIPAAm and nanocomposite PNIPAAm were respectively characterized.
Imaging of hydrogel micropillar arrays
Scanning electron microscopy (SEM) was used to determine the pillar diameter of hydrogel micropillar arrays. Air-dried micropillar arrays were subjected to Au/Pt sputter coating and viewed by SEM (JEOL JSM 6400) at an acceleration voltage of 15 keV.
Cell preparation
Cryopreserved 10T½ mesenchymal progenitor cells obtained from the American Type Culture Collection (ATCC, Manassas, VA) were thawed and expanded in monolayer culture in accordance with ATCC protocols. Until the time of harvest, the cells were maintained at 37°C/5% CO 2 in DMEM supplemented with 10% heat-inactivated FBS, 10 U/mL penicillin, 10 g/L streptomycin, and 10 g/L amphotericin (1% PSA).
Temperature-dependent cell release behavior
Two-hundred micrometer diameter pillar arrays with a 100 μm spacing (i.e., 200_1R) were prepared from both pure PNIPAAm and nanocomposite hydrogels on glass as mentioned above, followed by soaking for two days in PBS and by sterilization via irradiation with UV light for 1 h. The surfaces of the pillar arrays were coated with DMEM supplemented with 40% FBS and antibiotics (PSA) for 1 h at 30° (below VPTT) to force PNIPAAm-based hydrogel pillars into a water-swollen, hydrophilic state and to equilibrate the hydrogels with the cell culture medium. The medium was then drained, and 10T½ cells in a fresh medium containing 10% serum were seeded onto each hydrogel surface (~270,000 cells/cm 2 ).
After incubation at 30°C for 1.5 h, the arrays were transferred to a Zeiss Axiovert A200 microscope (Carl Zeiss, Germany) equipped with a plate incubation chamber with a temperature controller (Carl Zeiss, Germany) preheated to 30°C. The temperature of the incubation plate was then set to 37°C (above VPTT), and heating progressed at a rate of ~ 2°C/min, thereby causing the pillars to deswell and become hydrophobic. The arrays were held at 37°C for 5 min and then allowed to air-cool (~ 2°C/min) to 30°C. This heating and cooling cycles were repeated until the onset of cell sheet delamination. For each cycle, images were captured in the initial swollen and fi nal deswollen states.
Statistical analysis
To see statistical signifi cance when comparing results, a two-sample pooled T-test at a signifi cance level of 1% was performed.
Results and Discussion
Microfabrication of hydrogel micropillar array
The photopolymerization of hydrogel is a rapid and facile means of fabricating microstructures where patterns on a photolithography mask define shape of the microstructures. A spacer that creates a gap between two glass slides into which liquid precursor is poured defi nes the height of microstructures. Figure 2 shows images of micropillars prepared from pure PNIPAAm and nanocomposite hydrogels using a mask with 200-and 100-µm-diameter circular patterns. Because the samples were dried for SEM, these micropillars exhibit diameters smaller than their original pattern size on the mask. For micropillars made of nanocomposite hydrogel, polysiloxane nanoparticles embedded in the micropillar structure can be clearly seen (Figs. 2(c) and 2(d) ).
Thermosensitivity of hydrogel micropillars
Microstructured hydrogels of smaller dimensions are predicted to swell and deswell more signifi cantly and faster owing to the shorter equilibrium time required and the availability of space for swelling. The effects of micropillar dimensions on the extent and rate of swelling and deswelling of microstructured pure PNIPAAm and nanocomposite hydrogels were compared. Micropillars with average diameters of 120 and 210 μ m were compared. Optical images were captured before and after the thermal equilibration of hydrated hydrogel micropillars from 25°C (below VPTT) to 45°C (above VPTT) (Fig. 3) . The extent of micropillar shrinking is refl ected by the maximum shrinking ratio defi ned as D min /D max , where D min is the minimum micropillar diameter in its deswollen state at 45°C, and D max is the maximum micropillar diameter at 25°C. The diameters of the top part of the micropillars were used for measurements.
The maximum shrinking ratios of 210 and 120 μ m micropillars were 73 and 35%, respectively, for pure PNIPAAm micropillars, and were 62 and 44%, respectively, for the nanocomposite micropillars (Table 1) . Thus, smaller (120 μm diameter) micropillars shrank more significantly than larger (210 μm diameter) micropillars of the same composition. Furthermore, reducing the micropillar size produced greater deswelling for pure PNIPAAm micropillars than for nanocomposite hydrogel micropillars, likely owing to the presence of hydrophobic polysiloxane nanoparticles.
The three-dimensional shape of the PNIPAAm micropillars after shrinking could not be directly measured, but could be predicted indirectly through optical microscopy. As can be seen in the differential interference contrast (DIC) images in Fig. 3 , the cylindershaped micropillar structures changed into cone-shaped pillar structures once deswollen. This phenomenon can be easily seen in Figs. 3(b) and 3(d) where the contrast difference is easily observable. The overall size, including the bottom part of the micropillar, decreased as well, implying that parts of the bottom PNIPAAm micropillars were not attached fi rmly to the substrate anymore after one thermocycle. Once swollen again, the shape returns to its original cylinder shape. The rate of deswelling of these micropillars was also determined during thermal cycling from a temperature below VPTT to that above VPTT and back to below VPTT (Table 1, Fig. 4) . To analyze the shrinking (deswelling) rate of micropillars, the rate of temperature increase was set suffi ciently high (0.3°C/s) so that micropillar shrinking rate was not limited by the rate of temperature change. Normalized diameter (D/D 0 ) was used to compare the swelling and deswelling rates of micropillars with different sizes and different compositions, where D is the dynamic diameter of micropillars during heating and D 0 is the original diameter of micropillars in the swollen state at 25°C (below VPTT). Again, the diameters of the top of the micropillars were used. In Fig. 4(a) , pure PNIPAAm micropillars with average initial diameters of 210 and 120 μm were compared. During heating to 40°C (i.e., the fi rst 40 s), the shrinking rate of the 120-and 210-μm-diameter micropillars were 1.81±0.10 and 0.54±0.04%/s (average ± standard deviation from three samples), respectively. Thus, the 120 μm micropillars deswelled 3.3-fold faster. During subsequent cooling from 40°C to RT (i.e., from 510 to 645 s), the swelling rates of the 120 and 210 μm micropillars were 0.33±0.03 and 0.10±0.01%/s, respectively. Thus, the 120 μm micropillars swelled 3.4-fold faster.
The shrinking rates of micropillars of the nanocomposite hydrogels with average diameters of 120 and 210 μm were 1.15±0.10 and 0.55±0.08%/s, respectively. Thus, the 120-μm-diameter micropillar shrank 2.1-fold faster (Fig. 4(b) ). The subsequent swelling rates of these two micropillars were 0.52±0.06 and 0.16±0.04%/s, respectively. Thus, the 120-μ m-diameter micropillars swelled 3.2-fold faster.
These above-mentioned results clearly demonstrate that the dynamic thermal response of hydrogel micropillars is size-dependent, where smaller micropillars have signifi cantly faster swelling and deswelling dynamics. By decreasing micropillar size from about 200 to 100 μm, thermal response rate increases by at least twofold. When comparing the thermal activation of pure PNIPAAm micropillars to that of nanocomposite micropillars, no significant difference could be observed for the 210-μm-diameter micropillars. However, when the micropillar diameter was decreased to 120 μm, both the shrinking and swelling rates of pure PNIPAAm micropillars became signifi cantly higher than those of nanocomposite micropillars. These experiments demonstrate that, when using surfaces made of microstructured hydrogels, thermosensitivity may be controlled by adjusting hydrogel microstructure size.
Temperature-dependent cell release behavior
Cell release behavior that demonstrates the self-cleaning ability of micropatterned hydrogels was examined with 200-μm-diameter micropillar arrays with a 100 μ m Figure 5 (a) shows the cell release characteristics of microstructured surfaces made of pure PNIPAAm. It can be seen that the entire cell sheet began to detach and fold from the hydrogel surface at the end of the second heating/cooling cycle. This is due to the fact that these cells form a connected cell layer, and once multiple points of the cell layer start coming off due to PNIPAAm micropillar actuation, the entire sheet quickly detaches. The fact that cell sheets can detach easily through thermocycling even with a low-density (e.g., loosely packed) micropillar array shows the feasibility of a self-cleaning surface to mitigate cell attachment. For the nanocomposite PNIPAAm microstructured surface (Fig. 5(b) ), fi ve thermal cycles (heating and cooling) were applied to initiate cell sheet detachment from the surface. More thermal cycles were needed for nanocomposite PNIPAAm microstructured surfaces to release the cell sheet. This is probably due to the stronger initial cell attachment onto nanocomposite hydrogels, which is induced by the more hydrophobic surface property of nanocomposite hydrogels. However, these preliminary studies show that nanocomposite hydrogel microstructured surfaces still exhibit a self-cleaning ability. We expect that nanocomposite PNIPAAm hydrogels, with their better mechanical properties and potential for self-cleaning, will be of benefi t in coating insertion biosensors and other devices. Our ability to modulate the rate of swelling and deswelling of both nanocomposite and pure NIPAAm hydrogels by introducing microstructural complexity while retaining VPTT and the cell release behavior of planar NIPAAm hydrogels will serve as an additional tool to exploit in surface coating applications. 
Conclusions
In this study, we microfabricated thermoresponsive hydrogel surfaces that exhibit self-cleaning behavior with arrays of micropillars with different sizes and densities made of both pure PNIPAAm and nanocomposite PNIPAAm using photopolymerization. The static and dynamic thermoresponsivenesses of these surfaces at temperatures below and above VPTT were determined. Our results show that thermoresponsiveness characterized by the swelling and deswelling rates and ratio can be markedly increased by reducing micropillar size. The cell release experiments on these microstructured pure PNIPAAm and nanocomposite PNIPAAm surfaces demonstrate good cell release behavior through thermal cycling. Our results demonstrate that microstructured PNIPAAm and nanocomposite hydrogel surfaces have enhanced thermosensitivity and surface property changes compared with analogous planar surfaces. Compared with traditional methods of modifying PNIPAAm thermoresponsiveness, the use of microstructured surfaces can markedly increase response time when thermally activated, resulting in surfaces that can rapidly and effectively respond to changes in temperature, as well as increase the effi ciency of self-cleaning ability.
